Background: Despite the well-documented role of cigarette smoke in the development of chronic obstructive pulmonary disease (COPD), lung cancer and cardiovascular disease, biomarkers for screening or monitoring disease progression and outcome remain elusive, particularly for COPD and lung cancer. Inflammatory cells and mediators are likely to be involved in the disease processes, but their importance is still poorly understood. The purpose of this study was to investigate early changes in immunological markers associated with smoking in healthy monozygotic twins without a detectable disease discordant for smoking, thereby minimising data variability due to genetic background. Methods: Twenty-two monozygotic twin pairs, aged 31.5 ± 6.3 years, entered the study. One of each twin pair was a smoker and the other a non-smoker. None of the subjects reported any diseases or clinically defined respiratory symptoms or airflow limitation. Each subject donated blood samples for determination of total leukocytes and subpopulations, lymphocyte subpopulation plus pro-inflammatory mediators (interleukin-8, tumour necrosis factor-α, soluble tumour necrosis factor-α receptors and C-reactive protein). Results: We observed a significant increase in the number of circulating leukocytes and neutrophils in smokers compared to non-smokers. Smokers also had significantly higher numbers of B cells and CD4 + T cells, plus an increased CD4/CD8 ratio. The numbers of NK cells were statistically significant lower in smokers compared to non-smokers.
Introduction
Cigarette smoking is an important modifiable risk factor for human health, associated with the development and progression of cardiovascular (CVD) and pulmonary diseases, including chronic obstructive pulmonary disease (COPD) and lung cancer. Increasing evidence indicates that chronic inflammatory and immune responses play key roles in the development and progression of smokingrelated disorders [1] [2] [3] [4] [5] .
Studies of lung cancer patients have shown an impairment of host defenses together with enhanced immunosuppression. Cigarette smoke and nicotine are reported to have immunosuppressive properties in both men and animals as well as in in vitro models, an effect that may contribute to increased microbial infections and cancer incidence among smokers [6] [7] [8] [9] [10] .
Distinct changes related to cigarette smoke are observed in the respiratory tract, such as bronchiolitis and fibrosis [11] . Smoking associated changes in the respiratory immune system have been involved in the pathogenesis of COPD [1, 12] , CVD [2] and lung cancer [1] . Although cigarette smoking is a recognised risk factor associated with COPD, and smoking cessation is accompanied by a reduction in the rate of decline of lung function, much of the aetiology remains to be clarified [13, 14] . Interestingly, only 15%-20% of smokers develop COPD, suggesting that genetic predisposition and environmental factors play a role in the pathogenesis of the disease [15] .
Van Eeden et al. suggested that COPD can develop into a systemic inflammatory disease [16] . This process could be mediated by different mechanism during onset and progression of the disease [17] .
Some evidence suggests that smoking may influence cardiovascular events through induction of inflammation [18] [19] [20] [21] [22] , as atherosclerosis and coronary disease are now considered to be inflammatory diseases [19, 20] .
The inflammatory response associated with tobacco smoking is characterised by an array of dysregulated cells, cytokines, and growth factors that are described as being conducive to the development of COPD, CVD and lung cancer via several possible pathways [5, 23, 24] .
The purpose of this study was to investigate several immunological markers in pairs of smoking and nonsmoking monozygotic twins, without a detectable disease, in order to identify early changes associated with tobacco smoking. The study was conducted with monozygotic twins, discordant for smoking, most of whom shared other environmental conditions and had very similar lifestyles. The choice of genetically identical monozygotic twins with similar environmental influences was intended to help understand potential modifications in the immune system related to smoking. Results showed a positive association between smoking status and a subset of biomarkers of biological effect (BoBE) related to inflammatory conditions and possible early stages of CVD.
Materials and methods

Study design and plan
A cross-sectional study of monozygotic twin pairs discordant for smoking was carried out. The study was conducted in accordance with the principles of Good Clinical Practice. The protocol was approved by the Polyclinic of "Tor Vergata" University of Rome Independent Ethics Committee and written informed consent was obtained from all subjects prior to the start of the study, according to the Declaration of Helsinki. Each subject attended the Polyclinic of "Tor Vergata" University on two occasions over 2 days. The first visit was for screening, during which the medical history and demographic data, such as gender, age, weight, body mass index (BMI) and lifestyle, were recorded. During the first visit, urinary cotinine levels were measured using the Accutest NicAlert™ test kit (Jant Pharmacal Corp., Encino, CA, USA), to avoid misclassification based on the self-reported smoker or non-smoker status, and saliva samples were collected for zygosity analysis, to verify the monozygosity status. The subjects were given instruction on the collection of 24 h urine samples and containers were given to them. At the second visit, all the enrolled subjects attended the Polyclinic for blood collection and other clinical evaluations, such as spirometry and measurement of exhaled carbon monoxide (CO). During the 2 days of the study, the usual smoking routine was recorded by each smoker in an ad hoc diary.
Study population
Twenty-four pairs of monozygotic twins (48 subjects), without a detectable disease, were enrolled for this study on volunteer base through the Italian twin association. Two pairs were excluded from the study: one pair because saliva analysis suggested they were dizygotic and the other pair because the smoker had a value of exhaled CO in the range of non-smokers ( < 9 ppm). The 44 selected subjects (22 twin pairs) were composed of 26 males and 18 females with a mean age of 31.5 years and a range of 23-46 years. According to the inclusion criteria for this study, smokers were defined as having an average daily ISO tar intake of ≥ 60 mg based on the number of cigarettes smoked per day multiplied by the machine smoked ISO tar yield of the brand smoked as declared on the pack. Non-smokers were defined as subjects who have never smoked or had stopped smoking for more than 10 years. The smokers were asked to smoke their usual number and brand of cigarettes during the study. They were free to cease smoking at any time during the study, but they would no longer be eligible for inclusion in the study. Non-smoker subjects were asked to remain nonsmokers during the study. The use of pharmaceutical products containing cyclo-oxygenase inhibitors within the 2 weeks prior the start of the study or use of any other medicinal products that, according to the Principal Investigator's judgement, could interfere with biomarker measurements were considered to be exclusion criteria. This included inhaled corticosteroids, immunosuppressive drugs or any other drugs affecting the immune system. Subjects who reported any serious illness or infections during the 6 months preceding the study including influenza, chronic inflammatory diseases, hypertension and CVD were also excluded. For further details, see Andreoli et al. [25] .
Urine collection and biomarker analyses
The 24 h collection period started after the first morning void urine on the first day of the study and included the first morning void urine on second day. The 24 h urine samples were analysed for the following biomarkers of exposure (BoE): nicotine and nicotine glucuronide (total nicotine), cotinine and cotinine glucuronide (total cotinine), hydroxycotinine and hydroxycotinine glucuronide (total hydroxycotinine), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) and NNAL-glucuronide (total NNAL). Urinary nicotine and its metabolites were analysed using solid phase extraction and liquid chromatography with tandem mass spectrometry based on the method described by St. Charles and colleagues [26] . NNAL and its metabolites were analysed using a solid phase extraction and a LC/MS/MS method based on that of Xia and colleagues and Pan and colleagues [27, 28] .
Blood collection and biomarker analyses in blood
Peripheral venous blood was obtained from all subjects for determination of leukocyte counts, lymphocyte subpopulations and Measurements of proinflammatory protein levels were performed at the Clinical Biochemistry Medicine Laboratory of the Polyclinic of "Tor Vergata". Interleukin-8 (IL-8) and tumour necrosis factor-α (TNF-α) were measured in serum using commercially available ELISA kits from DRG Instruments GmbH (Marburg, Germany), while soluble TNF-α receptors 1 (sTNF R1) and 2 (sTNF R2) were measured using commercially available kits from IBL (Gesellschaft fur Immunchemie und Immunbiologie MBH, Hamburg, Germany). Serum C-reactive protein (CRP) levels were determined by a CRP (Latex) HS immunoturbidimetric test on an automatic analyser (Roche Hitachi Modular P800, Roche Diagnostics GmbH, Mannheim, Germany).
Other clinical evaluations
The zygosity test was performed in saliva by using the AmpFiSTRs Identifiler Kit (Applied Biosystems, Darmstadt, Germany), which amplifies 15 loci and amelogenin in a single tube and provides loci consistent with major worldwide STR databasing standards. Spirometry examinations were conducted according to the ERS/ATS 2005 guidelines. The forced expiratory volume in 1 s (FEV 1 ) was determined on all subjects using a Master Screen-PFT pneumotachograph (Erich Jaeger GmbH, Hoechberg, Germany). Levels of CO in exhaled breath were determined using a Micro CO/Smoke Check instrument (Micro Medical Ltd, Rochester, Kent, UK).
Statistical analysis
The t-test for paired samples was used to evaluate differences between smokers and non-smokers [29] . The proinflammatory cytokines were not normally distributed, the Wilcoxon-signed rank test was used to evaluate differences. For regression analyses, the linear correlation coefficients (r) between pairs of different variables were also calculated, using Pearson's correlation analysis [30] . All statistical analyses were carried out using SPSS V15.0 software.
Results
Subject population
The subjects' age, smoking habits, FEV 1 and levels of BoE for tobacco smoke constituents in 24 h urine are reported in Table 1 . There was no significant difference in BMI between the smokers and non-smokers. None of the subjects reported any appreciable respiratory symptoms or airflow limitations: FEV 1 was comparable for both groups (Table 1) . Similarly, the percentage of predicted FEV 1 was > 100% for the two groups [107.8% ± 11.1 (mean ± SD) for non-smokers versus 105.6% ± 11.0 for smokers]. As expected, the exhaled CO and urinary levels of all the BoE measured were significantly increased among smokers compared to non-smokers (p < 0.001).
Effect of cigarette smoking on circulating leukocyte populations
Peripheral blood total and differential leukocyte counts, and lymphocyte subpopulations, were determined for all subjects. As shown in Table 2 , there was a statistically significant higher total leukocyte count in smokers compared to non-smokers (p < 0.01), due to an increase in lymphocytes (2. Lymphocyte subpopulations where quantified by FACS analysis (Table 2 ). There was a significant increase in the number of total T cells, and in the number and percentage of CD4 + T cells and B cells in smokers compared with non-smoker twins. A significant reduction in the percentage of NK cells and CD8 + T cells was observed in smokers compared to non-smokers. A significant increase in CD4/CD8 ratio was also found in smokers when compared to non-smokers, mainly due to the increase in CD4 + T cells (Table 2) . In Table 3 the correlation coefficients (r) between leukocyte subsets and the number of cigarettes smoked per day or the BoE measured in 24 h urine are presented. For each pair in the correlation analysis, the exposure estimate was set as the independent variable and the leukocyte subset as the dependent variable. All subjects were included in this correlation analysis because valid estimates of exposure were available for each exposure parameter, even if the subject was not a smoker. Apart from the total leukocyte count, which correlated with all the estimates of exposure, there were few other correlations between these parameters. Total neutrophil counts were correlated with most BoE except for 24 h urinary nicotine excretion. As nicotine equivalents represent the molar sum of excreted nicotine and its major metabolites over the 24 h period, it should be a more reliable marker than any single nicotine metabolite alone, and this estimate of smoke exposure did show statistically significant correlations with total leukocytes, neutrophils and B lymphocytes but not with any T lymphocyte subpopulation nor with NK cells. The nicotine equivalents appear to be more robust as a measure of exposure than cigarettes per day, which only gave a statistically significant correlation with total leukocyte count and with B lymphocytes. The 24 h excretion of nicotine itself did show statistically significant correlations with total leukocyte, lymphocyte and several lymphocyte subset counts. The 24 h excretion of NNAL was also statistically significant correlated with total leukocyte and neutrophil counts.
Effect of cigarette smoking on proinflammatory proteins
Several proteins, including CRP, the cytokines IL-8, TNF-α and the soluble TNF receptors sTNFR1 and sTNFR2, were assessed in serum from smokers and non-smokers by ELISA. As shown in Table 4 , no significant differences between the two groups were observed for any of the proteins measured but the median levels of CRP, IL-8, TNF-α and TNF-α/sTNFR1 ratio were slightly higher in smokers compared to non-smokers.
Discussion
Smoking is a known risk factor for COPD, lung cancer and CVD, and inflammation is reported to be an aetiological factor for all three pathologies [1, 5, 31] .
The purpose of this study was to investigate several immunological markers in pairs of healthy smoking and non-smoking monozygotic twins, sharing similar environmental conditions and lifestyles, in order to identify early changes associated with tobacco smoking. Results show that smoking is associated with statistically significant increases in the number of circulating leukocytes, neutrophils, T helper cells and B cells, and with increased CD4/CD8 ratio. Concurrently, the number of NK cells and CD8 + T cells were statistically significant lower in smokers compared to non-smokers. While the prognostic significance of these changes is uncertain, results suggest that smoking is associated with immune changes, independent of genetic background and environmental conditions. While the use of biomarkers for the immune system is a rapidly expanding field in molecular epidemiology research, there is still a need to accumulate population distribution data regarding age, gender and ethnic group responses in individuals without detectable diseases. Many factors can contribute to biomarker variability Table 4 Proinflammatory cytokines and TNF-α soluble receptors among 22 smoker and 22 non-smoker twins.
Variables
Non-smokers Smokers p-Value a TNF-α, pg/mL 7.5 ± 11.0 10.9 ± 17.9 0.38 sTNF-R1, ng/mL 1.8 ± 0.3 1.8 ± 0.4 0.68 sTNF-R2, ng/mL 4.1 ± 0. including host and exposure factors. To overcome some of these limitations, and to reduce possible data dispersion due to differences in genetic background and lifestyle, we investigated the effects of cigarette smoking on several immune parameters in healthy smoking-discordant twins: one a smoker and the other a non-smoker. The influence of smoke on leukocyte cell numbers and cell function has been demonstrated in several previous studies and our results are consistent with these findings [9, [32] [33] [34] [35] . On the contrary, data concerning the influence of smoking on lymphocyte subpopulations are conflicting [35] [36] [37] [38] . This may be due to the age of the population recruited, smoking habits, healthy status, etc. Changes in lymphocyte subpopulations may reflect progressive changes from non-smokers to healthy smokers to patients with COPD. Very interesting are the data reported by Vargas-Rojas and collaborators showing a polarisation of Th17 cells and their balance with Th1/Th2 and Treg subpopulations in COPD and current smokers, with Th17 and Treg cells showing a progressive increase from healthy subjects to current smokers to COPD group [38] .
In our study, data on leukocyte counts and lymphocyte subpopulations were all within normal ranges, as should be expected in relatively young subjects without a detectable disease. In the present paper, some significant differences in circulating leukocytes between smoker and non-smoker twins were found, indicating that cigarette smoking affects cells of the immune system. The correlations observed between leukocyte subsets and 24 h nicotine excretion or nicotine equivalent measurements, suggest that smoke can directly or indirectly affect leukocyte subsets.
Lymphocytes have been designated by some investigators as the effector cells in COPD [39] and lung cancer pathogenesis [7] . In our population, we found an increase in the number of total leukocytes, due to both lymphocytes (T helper and B cells) and neutrophils, and a decrease in the percentage of NK cells and T suppressor/cytotoxic cells. Total leukocyte and neutrophil counts also showed a positive correlation with individual nicotine metabolites, total nicotine equivalents and NNAL. These correlations were stronger than those with number of cigarettes smoked per day, suggesting that the BoE considered are more reliable for smoke exposure than number of cigarettes smoked per day. The observed increase in total T cells and CD4 + T cells in this study is in agreement with previous work [39, 40] . CD4 + T cells appear to be responsible for the observed higher counts in circulating T cells in peripheral blood of smokers. In agreement with Tollerud et al., CD4/ CD8 ratio was increased in smokers [40] . Other studies have reported an elevated proportion of T lymphocytes but a lower CD4/CD8 ratio in peripheral blood of smokers [41, 42] . The CD4/CD8 ratio may be important for disease induction and progression. An increase in this ratio suggests an altered balance in lymphocyte functional activity that, together with decreased NK cell numbers, has been proposed to increase the risk of tumour development and viral infections [43] .
Systemic inflammation may cause endothelial cell activation and promote the prothrombotic state and atherosclerosis plaque production [19] . Inflammation is regulated by cytokines, chemokines, and growth factors. Furthermore, it has been suggested that cigarette smoke might mediate oxidative stress by inducing an inflammatory response through the release of pro-inflammatory cytokines [44] . Several mediators are involved in systemic inflammation and chronic lung diseases, including TNF-α, and IL-8. We did not observe any statistically significant changes in levels of pro-inflammatory cytokines, in agreement with published data which showed that similar level of TNF-α, sTNFR 1, sTNFR 2 and IL-8 are found in smokers and non-smokers without a detectable disease [45] . In our study, however, there was a slight but not statistically significant increase in the mean levels of TNF-α, TNF-α/ sTNFR 1 ratio and IL-8 between smokers and non-smokers. The increased ratio observed in smokers might favour increased TNF-α activity, further suggesting a slight increase in the level of systemic inflammation, consistent with the observed increase of total leukocytes, lymphocytes and neutrophils and the slight increase of CRP. It is possible that these increases might precede further changes which have been suggested to be indicative of increased atherosclerotic risk [46, 47] .
Although our current data are limited, they suggest that smoking is associated with early immune changes, independent of genetic background and lifestyle. Our observations suggest that smokers may become more easily prone to chronic inflammation than non-smokers. Some smoker twins present an inflammatory status comparable to Step 1 Initial Response to Cigarette Smoke, recently proposed by Cosio et al. as the mechanisms leading to COPD, which contemplates three progressive steps where the last one depends on the previous ones [33] . Of course, the relationship between these altered immunological parameters and progression to clinical signs and symptoms, especially those indicative of COPD, lung cancer or CVD, and whether they have prognostic significance, remains to be clarified. Longitudinal studies might help to shed light on the role of early immunological changes associated with smoking and their relationship with different smoking-related diseases.
The results of this study are of particular interest considering the young age of the subjects (mean age 31.5 years, range 23-46 years), the relatively low mean number of cigarettes smoked (cigarettes per day: 13.7; mean period: 11.3 years), and the independency of genetic background and environmental conditions. Due to the relatively small size of this study, before reaching any firm conclusion, it is necessary to verify our results in a greater number of subjects. Nevertheless, the use of immunological biomarkers in epidemiological studies can improve our understanding of the mechanisms underlying associations between environmental exposure and immune-mediated disorders.
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